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EVALUATION OF THE INFLUENCE OF LOAD RANDOMIZATION
AND OF GROUND-AIR-GROUND CYCLES ON FATIGUE LIFE

By Eugene C. Naumann
Langley Research Center

SUMMARY

Variable-amplitude axial-load fatigue tests were conducted on 2024-T3 and.
7075-T6 aluminum-alloy edge notched sheet specimens having a theoretical elastic
stress concentration factor of 4. The load programs were designed to approxi-
mate a gust-load spectrum. The introduction of ground-air-ground cycles
sharply reduced the fatigue life. The amount of the reduction in fatigue life
was found to be influenced by ground-air-ground cycle range, relative frequency
of occurrence of the ground-air-ground cycle, and the degree of load randomiza-
tion present in the tests. Omitting small amplitude loads did not have an
appreciable effect on fatigue life. A new programed variable-amplitude axial-
load fatigue machine is described.

INTRODUCTION

Fatigue-induced catastrophic failures in commercial and military aircraft
have caused a great deal of concern in recent years. The probability of such
a failure has been reduced both by evaluation fatigue tests on prototype full-
scale vehicles and by inspection of vehicles after periods of service. The
frequency of the inspections and the primary locations within the structure to
be inspected are in many cases a direct result of the evaluation test. It is,
therefore, of primary importance that both the spectrum of loads and the method
used to simulate the spectrum be carefully evaluated. The present investiga-
tion is concerned with the evaluation of the influence on fatigue life of
several possible techniques for simulating a given load spectrum.

There are many techniques by which a continuous load spectrum can be simu-
lated; these schemes vary in complexity from flight-by-flight programing of
multiple load levels to single-level constant-amplitude tests. References 1
to 3 report variations in fatigue life obtained in variable-amplitude fatigue
tests simulating either a gust-load history or a maneuver-load history. All the
tests reported in references 1 to 3 used eight load levels to simulate the con-
tinuous load history; the cycles at each load level were applied in groups of
identical cycles (block tests).

In the present investigation, the effect on fatigue life of various types
of load randomization was evaluated. In addition, the effect on fatigue life



of introducing ground-air-ground cycles was evaluated under a variety of com-
binations of load randomizations, materials, and ground-air-ground cycle magni-
tudes, and relative frequency of occurrence.

A new testing device capable of applying 55 discrete load levels in any
sequence, by utilizing punched cards, was developed for this study. A brief
description of the device is included.

The units used for the physical quantities used herein are given in the
U.S. Customary Units and parenthetically in the International Systems of Units,

SI (ref. 4). An appendix is included to explain the relationships between
these two systems of units.

SYMBOLS

alternating stress amplitude, ksi (MN/mQ)

Salt

Sq stress produced by design limit load, ksi (MN/mg)

Smean mean stress, ksi (MN/mg)

Vi discrete gust velocity, fps (m/s)

Slg stress produced in straight and level flight, ksi (MN/m2>

nj number of cycles applied at a level 1

N number of cycles necessary to produce failure at stress level i
R ratio of minimum stress to maximum stress

Subscript:

GAG ground-air-ground

TEST PROCEDURES

Specimens

The edge notched specimen configuration (fig. 1) used for this investiga-
tion had a Neuber theoretical elastic stress concentration factor of 4 (see
ref. 5). This configuration is the same as that used in investigations of ref-

erences 1 to 3.

Material for specimens was part of a stock of commercial 0.090-inch
(0.0023-m) thick 2024~T3 and 7075-T6 aluminum alloy retained at the Langley

2



Research Center for fatigue tests. Sheet layouts for these stock materials are
presented in reference 6. Material properties are given in reference 7, and
selected tensile properties for these stock materials are given in table I.

A specimen numbering system has been established (see ref. 1) which identi-

fies the specimen as to material, sheet number, and location within the sheet.
Take for example, specimen B93N2-6 where B indicates the material (7075-T6),
93 indicates that the specimen was cut from sheet number 93, N2 indicates the
position within the sheet from which the material blank was taken, and 6 indi-
cates the position within the material blank from which the specimen blank was
taken.

Specimen dimensions are shown in figure 1. The rolled surfaces were left
in the as-received condition and the longitudinal surfaces were machined and
notched in both edges. The notch radius was formed by drilling a hole. Resid-
ual machining stresses were minimized by first drilling with a smell drill and
then graduslly increasing drill sizes (increment in dismeter is 0.003 inch
(0.076 mm)) until the proper radius was obtained. For consistency, drills were
not used more than four times before being resharpened or replaced. The notch

was completed by slotting with s é%-—inch (2.4-mm) milling tool. Ten specimens
were machined simultaneously.

Burrs left in the machining process were removed by holding the specimen
lightly against a rotating cone of 00 grade steel wool. All specimens were
inspected and only those free of surface blemishes in and near the notches were
tested.

Machines

Three programed servohydraulic
machines were used in this investigation.
A typical "block” diagram of one of the
machines is shown in figure 2. The
loading frame has a nominal capacity of
+20, 000 pounds (*88,960 N) in axial load.
Cycling rates up to 7 cps (7 Hz) can be —_—

" <-058"RAD. (.147cm)
obtained depending on the load range. 17.500 ]

(444 cm) -1500"
The important features of this programed (3.8 cm)
load fatigue machine are: (1) 55 dis-
crete load levels, each identified by
its own code, can be preset to any value
between zero and full scale; (2) any
type of load history defined by as many
as 55 discrete load levels can be pro-
gramed in any arbitrary sequence by
using punched cards; and (3) a high — k2.250"
degree of load accuracy is maintained (5.72 c¢m)
throughout a test.

4 U

8.750"
(22.2 cm)

Figure 1l.- Details of sheet specimen.
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Figure 2.- Block diagram of axial-load programed fatigue machine.

In operation, the card reader transmits coded load information to the
switching logic. Upon receipt of this information, the switching logic per-
forms selected functional checks and then switches the desired discrete load
signal (from a preset 10-turn potentiometer) into the servoloop summing point.
The combined voltage from the summing point is fed into the carrier amplifier
where the incoming voltage is compared with a reference voltage to determine
the magnitude and polarity of the signal sent to the d-c amplifier. The d-c
amplifier uses this signal to cause the servovalve to direct oil to the appro-
priate side of the ram, thus loading the specimen and thereby changing the out-
put from the strain-gage bridge. As the load applied to the specimen approaches
the desired load, the flow is proportionately slowed so that the applied load
approaches the desired load asymptotically. When the applied load equals the
desired load (within adjustable limits), a signal is generated which commands
the reader to transmit the next piece of load information to the switching logic.

A continuous check for malfunction in several portions of the load system
is provided. For example: specimen failure (complete separation of the speci-
men), the detection of an error in the switching logic functional checks, or
loss of command signal to the servovalve cause an immediate stop in oil flow by
deenergizing a solenoid-controlled flow valve.

Ioads are monitored by either a galvonometer recorder or a null-indicating
a-c bridge. The recorder is used to scan for extraneous loads, whereas the
a-c bridge is used for static load measurements and to check system damping.
The whole system is calibrated periodically and static indication is repeatable
to 0.1 percent of full scale. True load accuracy is estimated to be within
+0.2 percent of full scale.



Load Spectrum Simulation

Load statistics.- Loads in transport aircraft due to atmospheric gusts were
assumed to have a distribution of frequencies as given in reference 8. Gust
velocities were converted to stresses on the assumption that stress is directly
proportional to gust velocity and that a 30-fps (9.144-m/s) gust produced a
stress equal to the stress at design 1imit load. Thus, alternating-stress
amplitudes were computed from the simple relation

Vi
Sa1t = (Sa - S1)30 (1)

Positive gusts were represented by positive loads and negative gusts were
represented by negative loads with respect to the Slg reference. Therefore,

a positive gust representation started at Slg’ went to the desired value, and
returned to S1g} similarly, a negative gust started at Sj1g, went to the
desired value, and returned to Slg- A gust-load cycle was comprised of one

positive gust and one negative gust. Positive and negative gusts of a given
velocity were assumed to occur with equal frequency.

Block test.- The continuous-load spectra were represented in most cases by
eight-step loading schedules. The discrete values of stress were obtained by
numerically integrating the damage due to a band of stresses and then selecting
a stress level which gave the same theoretical damage when applied for the same
number of cycles. Block size was determined by making the summation of cycle

ratios }: n/N for one block approximately O0.1. The numerical integration

process is explained in detail in reference 1. The eight-step loading schedules
(including variations), developed by using the numerical integration process
applicable to this investigation, are given in table II, and are taken from ref-
erence 1. For block tests, all the cycles at a given load level were applied
in a continuous sequence before proceeding to the next load level. The sequence
of load levels within each block was randomized in accordance with a schedule
taken from a table of random numbers. A different randomization was used for
each of the first 20 blocks, after which the random blocks were repeated
starting with the first block.

Random tests.- To evaluate the possible effect of applying a given set of
loads in a random sequence as compared with blocks of cycles having the same
frequency of occurrence, the individual load cycles were programed in a random
sequence. Using reference 9 as a guide, the random sequence was obtained by
generating six-digit random numbers in high-speed computers. This method has a
repetitive period of 5 X 108. The range of generated numbers between O and lO6
was divided into segments of numbers, with each segment coded to represent a
given load level. The size of each segment was determined by the relative fre-
quency of occurrence of the load level as determined from equation (1). Thus,
by varying the size of the segments, the cumulative frequency distribution of
the load levels was shaped.




The following basic randomizations were developed for this investigation:

1. Random cycle: Each positive half cycle (positive gust) was followed by
negative half cycle of equal magnitude (negative gust).

2. Random half cycle, restrained: Each positive half cycle was followed
by a negative half cycle which could be, but generally was not, of equal
magnithde.

3. Random half cycle, unrestrained: No restrictions were placed on the
occurrence of positive or negative half cycles.

Test Load Programs

The following load programs and subprograms were used in this investiga-
tion to conduct fatigue tests to evaluate the possible effects on fatigue life
of load randomization and of insertion of ground-air-ground cycles. A schematic
representation of each of the load programs and subprograms is shown in
figure 3.

Ground-air-ground spacing was determined with the aid of VGH data such as
that presented in reference 10. It 1s beyond the scope of this paper to present
the complete analysis. However, it can be shown that for the cumulstive fre-
gquency distribution used, the lowest load level will be equaled or exceeded
approximately 68 times per flight on the average and that the second lowest load
level will be equaled or exceeded approximately 12 times per flight on the aver-
age. In the random tests, the loads were applied on a flight-by-flight basis,
therefore in tests having all eight-gust load levels, the GAG cycle was inserted
once for every 68 positive half cycles; whereas, in tests in which the lowest
gust-load level was omitted the GAG cycles were ilnserted every 12 positive half

cycles.

The earlier tests in this series were conducted by using semiautomatic
load controls (refs. 1 to 3). It was decided that a check was necessary to
insure that a significant variation in life would not be obtained due to such
parameters as machine differences, speed effect, or load accuracy. Consequently,
a set of block tests was conducted in the new machines (automatic) for which the
load schedule was identical to that used in earlier tests (semiautomatic). See

reference 3.

Two series of tests were conducted to determine whether two assumptions
made when developing the random-cycle programs were valid. The two assumptions
in question were (1) that assigning load-level designations to ranges of gen-
erated numbers did not affect the randomness of the generated numbers, and (2)
that the location of the highest load level (which occurred only once per test
on the average) would not have a significant effect on the fatigue life.

For the series of tests used to evaluate assumption (1) random-cycle tests
were conducted by using program 2(b) and modifications. The modifications con-
sisted of starting at different points within the same random schedule. The
loads for program 2(b) were punched into cards with a density of 34 cycles per
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LOAD PROGRAM  SCHEMATIC REMARKS

7075-T6 Aluminum-alloy specimens; S, =20ksi (137.8 MN/m?)

~I03200 cycles = 125 flights.

(Flights are used as a measure
of lif'e, see subsequent
discussion.)

ig
Program 1:
Block; 7075-76; S18 = 20 ksi
T N |

E (omitted; block size
5 <
inserted at the end of each
block; ground-air-ground
cycle range = 81, to -1/28;4

(Raag = -1/2)-

(137.8 MN/mz); step 1
Program 1(a):
L Same as program 1 except
125 ground-air-ground cycles

Al
u

Program 2:

Random cycle; T075-T6;

- ;. 2y,

TUTTU 814 = 20 ksi (137.8 M/m2);
68 positive half cycles per
flight.

Figure 3.- Schematic representation of load programs used.



LOAD PROGRAM
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REMARKS
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Program 2(a):

Same as program 2 except one
ground-air-ground cycle was

Mt L B
0 - —
! !
Program 2(b):
Same as program 2(a) except
flnall paflalin Naalln| SRremes s
11 air-ground c was 1 a
%[ ] Juuot Uﬁ U[[UTIUUYIU | = T2 positive malf cycles;
Roaq = -1/2.
0 P
Program 2(c):
Same as program 2 except one
ground-air-ground cycle vas
S NA J:b[ inserted per 68 positive half
g cycles; Rgpg = ©O-
0 A

Figure 3.- Continued.




LOAD PROGRAM SCHEMATIC REMARKS

Program 2(d):
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Program 2(e):
ol aan at r 1l [ U | e e 2
U U U U UU U U U J U J U U U U Ll U ;Zificl}sr?l::? ger 6=pg?itive
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Program 3:

Random half cycle, restrained;
T075-T6; S1g = 20 ksi

H (137.8 MN/m2), 68 positive half
I’]Ununu UﬂUnUnUnUﬂUnUﬂU U Uy cycles per flight.

Figure 3.~ Continued.




LOAD PROGRAM SCHEMATIC REMARKS

Program 3(a):

1 Same as program 3 except
ag rljiJ}Jth {[{J{Jlj%iljj (lleﬂ L[%{l{if one grouﬁd—iir—ground gycle

was inserted per 68 positive
half cycles; Rgpg = -1/2.

0 s

Program 4:
Random half cycle, unrestrained;

7075-T6; S1g = 20 ksi
ﬂ ﬂ ﬂﬂ N ﬂ {\ﬂ ﬂ (137.8 MN/m2); 68 positive half
UM

g cycles per flight.

Program 4(a):

Same as program L4 except one
(II} ”LI](} r rlJ] [L’ ground-gir-ground cycle was
s { inserted per 68 positive half
Ig LIW LJL[lJ il ’ cycles; Rgpq = -1/2.

Figure 3.- Continued.




LOAD PROGRAM SCHEMATIC

REMARKS

Program 4(b):

JZ/

inserted per 45 positive half
cycles; RGAG = -1/2.

g Uﬂﬂtr JIN ﬂ,;ﬂ ] nUUﬂ ol | e s
[

U U

2024-T3 Aluminum-alloy specimens;

Sig= 7.4 ksi (119.9 MN/m?)

Program 5:

Random cycle; 2024-T3;
S1g4 = 17.% ksi

(119.9 MN/m?); 68 positive

4

SIg half cycles per flight.
o v
Program 5(a):
ﬂ ﬂ ﬂ Same as program 5 except one
n nn NN ( n N ﬂ N n r ground-air-ground cycle was
S 4 inserted per 68 positive h
i inserted per positive half
9 UUUUU UUUJUUU UUU U cycles; Rypq = -1/2.
0]

Figure 3.~ Concluded.
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card. Approximately 2500 cards were used for this load program. Tests were
then conducted starting at card 1, card 500, card 1000, and card 1500. It
should be noted that the highest load level occurred only once during the pro-
gram and was scheduled on card 1435.

The second assumption was evaluated by using block tests, program 1(b), in
which the highest load level was scheduled on card 1445. TFor this series of
tests, card 14L5 was inserted at the following locations: (1) before card 1,
(2) before card 250, (3) before card 700, (L4) before card 1446 (normal loca-
tion), and (5) before card 1800.

In order to compute a value of Z{: n/N for the ground-air-ground cycle,

it was necessary in two cases (20 ksi (137.8 MN/m2) to -10 ksi (-68.9 MN/m2)
for T075-T6 aluminum alloy and 17.k ksi (119.9 MN/m2) to 8.7 ksi (-59.9 MN/m2)
for 2024-T3 aluminum alloy) to conduct constant-amplitude tests. For the third

case, the life for the GAG cycle 20 ksi (137.8 MN/m2) to O for 7075-T6 alumi-
num alloy was taken to be 50,000 cycles, based on an S-N curve for

Spean = 10 ksi (68.9 M¥/m2) in reference 1.

RESULTS

Test Data

Constant-amplitude test results are presented in table III. Variable-
amplitude test results are presented in tables IV and V. Included in the
tables and identified by footnotes are the data taken from reference 3, which
have been used with new data to establish whether the variations investigated
have an effect on fatigue life. For completeness, tables IV and V also con-
tain the load level at failure, and the specimen life (total cycles).

Data Analysis

In references 1 to 3, the test results were reduced to a value of }: n/N
and trends were established on this basis. This method was used because of its
simplicity and generally accepted usage. In full-scale evaluation tests, the
loads are generally programed to represent a given number of flights or flight

hours, and because the variation in }: n/N does not accurately reflect the

variation in fatigue life in specific cases (see subsequent discussion), the
test results of this investigation were reduced to an equivalent number of
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theoretical flights (hereinafter called flights). The test results were also

reduced to values of }: n/N for completeness.

For random tests in which the GAG cycle was inserted, the number of flights
was equal to the number of GAG cycles applied. TFor random tests without the
GAG cycle, the number of flights was determined by dividing the specimen life
in cycles by 68 (average number of positive half cycles per flight; see previ-
ous discussion). For block tests without GAG cycles, the number of flights
was determined by dividing the total number of cycles by 12 (lowest load level
omitted; see previous discussion). For block tests with GAG cycles inserted,
the number of flights was equal to the sum of the GAG cycles applied and the
equivalent flights determined for partial blocks not completed.

For j{: n/N calculations the positive half cycles were assumed to be
followed by equal negative half cycles in all cases. This assumption leads

to some error in the value of E: n/N in the random 1/2 cycle tests.

The values of theoretical flights and Z n/N determined for the

variable-amplitude tests are given in tables IV and V. In addition, the
values of theoretical flights are presented graphically in figure L.

In figure 4 each symbol represents the geometric mean of the six tests.
The ticks represent the limits of scatter in data obtained from a group of
six tests conducted with the same load program.

In order to establish more definitely whether an effect was present, the
data were compared statistically, with reference 11 as a guide. Two groups of
tests differing only in one variable were used in each comparison. In order to
make this statistical analysis, the distribution of flights was assumed to be
log normal and a 95-percent confidence level was used. The standard deviations
of the logarithms of flights were compared by the "F" test (that is, sample
standard deviations are (or are not) significantly different) and the means
of the logarithms of flights were compared by the "t" test (that is, sample
means are (or are not) significantly different). The results of the "t" tests
and the ratio of the geometric means of flights for each comparison of two
test groups are presented in tables VI and VII.

In the following discussions, it is implied that the variation in life
was significant unless otherwise noted. It should be noted that tables VI
and VII can be used to establish trends qualitatively since both the direction
of change (ratio of geometric means of flights) and significance of the change
("t" test) are shown for each comparison made.
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scatter experienced at the values of life obtained (see table III).

Figure 4.- Results of varisble-amplitude fatigue tests.
sent the geometric mean of six tests.

Positive
Program . B
number Material [ha c;fcles
per flight
| 7075 12
-T6

la 12
2 68
2a 68
2b 12
2c 68
2d 12

2e 6

3 68
3a 68
4 68
4a 68
4b 45
S 2024 68

-T3
50 68

GAG
minimum

-1728)4

284

-1/2 8

-1/28 )

“172814

'l/ZSlg

-I/ZS,g

Remarks

Block ,step | omitted

Random cycle

step | omitted

step | omitted
-

step | omitted

Random 172 cycle-restrained

Random 1/2 cycle-unrestrained

Random cycle

1

DISCUSSION OF RESULTS

Scatter in Test Data

Lol lllld
5 10
Life, flights

i
30x10®

Symbols repre-
Ticks represent scatter limits.

The scatter in the constant-amplitude tests is well within the normal

The scat-

ter in the variable-amplitude tests seldom exceeded 1.5:1, a trend which is
consistent with other variable-smplitude data in this series.

1h

(See refs. 1
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to 3.) The variations in lives from test group to test group were as high as
4:1 for some comparisons. These variations in life between test groups due to
the systematic variations in load programs are not predictable quantitatively
and therefore require more detailed study. Furthermore, the variations in
life from test group to test group is explained qualitatively in subsequent
sections with the aid of residual-stress and residual static-strength
considerations.

Damage and Failure Considerations

Residual-stress considerations have been used to explain life variations
not predicted by analytical approaches. (See refs. 1 to 3.) The variations
noted in the present tests can also be explained on the basis of residual
stresses, thus further establishing residual-stress effect on fatigue life.

Briefly, the residual-stress conditions assumed are as follows: (See
ref. 2 for more detail.) Residual stresses exist upon unloading whenever the
local stress at the base of a discontinuity has exceeded the elastic limit of
the material. Residual stresses are tensile for compressive loads and compres-
sive for tensile loads. The magnitude of the residual stress is generally not
known, although it is known that the value increases as the magnitude of the
applied load increases.

The effect of residual stresses on fatigue life is very important. Com-
pressive residual stresses developed in notched fatigue specimens delay fatigue-
crack initiation and propagation thus improving fatigue life, whereas tensile

. residual stresses have the reverse effect. The incremental difference between

the highest load level and successive load levels influences the rate at which
the effect of the highest load level decays.

Fajilure of the specimen occurs when the applied load equals the residual
static strength of the specimen. It is well known (see ref. 12) that the
residual static strength of a specimen first decreases very rapidly as a crack
is initiated and then deteriorates further with increasing crack length. How-
ever, high loads which produce residual stresses that increase fatigue life by
retarding crack initiation and propagation, may also cause early failure of a
specimen containing a short fatigue crack if the load exceeds the residual
static strength of the specimen. Residual stresses usually have very little,
if any, effect on the residual static strength.

Trends in fatigue 1ife observed in the present tests can be explained
qualitatively on the basis of changes in residual-stress state at the base of
a discontinuity and residual static-strength considerations.

Check Tests
The two sets of data obtained to determine whether the change from semi-

automatic loading to automatic loading influenced fatigue life, showed no
significant differences (see tables IV and VI).
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The series of tests conducted to determine whether or not the method used
to generate the random sequences used in this investigation actually produced
load programs which were random did not produce a significant variation in life
for tests using the same load program but starting on (1) card 1, (2) card 500,
(3) card 1000, or (4) card 1500 (see tables IV and VI). It should be noted
that the highest load level occurred only in tests which were started on
card 1000. TFor this set of tests the crack length at the time the highest load
level was applied had propagated to a length which caused the highest load
level to be critical from a residual-strength standpoint; that is, half of the
specimens failed during the application of the highest load.

The series of tests which were conducted to evaluate the effect of the
location of infrequently occurring high loads within the test program did not
produce a significant variation in life. (See tables IV and VI.) Although a
significant variation in life was not obtained in this series of tests, it
should be noted that there is a slight but consistent trend to shorter life as
the location of the highest load approached the nominal life of the specimen.
This trend would probably have been much sharper if the ground-air-ground
cycles had not been included in the load program (that is, the severe effect of
the ground-air-ground cycles tend to overshadow other effects; see subsequent
discussions). It is also of interest to note that when the highest load was
applied on card 1445 the fatigue crack had obtained a length which made the
highest load level critical, similar to tests for program randomness. For
tests with the highest load on card 1800 all of the tests failed before this
card was reached.

Effect of Load Randomization

The manner in which a given load spectrum is represented (sequence of
1/2 cycles) can cause an appreciable effect on the fatigue life. In this
investigation, four sets of tests, each using the same eight load amplitudes
and relative frequencies of occurrence to approximate a gust-load spectrum,
were conducted by using four possible methods of load sequencing (see previous
discussion on load programs). The results of these four sets of tests are
shown schematically in figure 5. In figure 5 the symbols represent the geomet-
ric mean of six tests, the scatter band ticks have been omitted for clarity.
(See table V and fig. 4.) As can be seen in figure 5, the life obtained in the
random tests is approximately 45, 30, and 17 percent shorter than in the block
tests.

These variations in life between random tests and block tests can be
explained on the basis of residual-stress state at the base of the discon-
tinuity. In the block tests, residual stresses formed during the application
of high loads are acted on by large groups of cycles of discrete amplitudes
until the cumulative combination of amplitude and number of cycles has caused
the beneficial effect of the residual stress to decay so that the crack initia-
tion or propagation process becomes active. Depending on the order in which
the subsequent groups of cycles are applied, the contribution to actual fatigue
damage of many groups of cycles may be negligible. (See, for example, variable-
amplitude effect on crack propagation (ref. 13).) 1In the case of tests using
random programs, the amplitude-frequency combination required to overcome the
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Program 1, Block (125 flights/block) O

Program 2, Random Cycle G
Program 3, Random /2 Cycle o
restrained

Program 4, Random {/2 Cycle
unrestrained o

1 i | D Y W |
2 5 10 20 x10®

Flights

Figure 5.- Results of variable-amplitude fatigue tests showing effect of
load randomization using gust loads only. Symbols represent geo-
metric mean of six tests.

beneficial effects of the high load can occur much more frequently in a given
interval of time thus permitting the lower amplitude loads to contribute actual
fatigue damage.

An examination of each of the three random sequences shows that on the
average the range (difference between positive peak and the following negative
peak) of each cycle decreases in the following order: (1) random cycle; (2)
random half cycle, restrained; and (3) random half cycle, unrestrained. In
crack propagation tests, reported in reference 13, the delay in crack propaga-
tion at a lower stress after initial propagation at a higher stress, was found
to increase as the difference between the high stress and low stress increased.
This delay was explained on the basis of residual stresses, that is, the bene-
ficial effect of residual stresses formed while cycling at the high stress
decayed at a lower rate as the difference between stresses increased. This
effect is expected to be present in variable-amplitude tests using several
levels. It also is well known that constant-amplitude fatigue life increases
as alternating stress (and therefore stress range) decreases. It therefore
follows that the variations in life noted between tests using random sequences
is a result of the combined effects of decreased amplitudes and of decreased
rate of decay of beneficial residual stress due to the reduced range.

Effect of Inserting Ground-Air-Ground Cycles
The effect on fatigue life of inserting ground-air-ground cycles was
evaluated for a variety of conditions. Figure 6 presents the results of several

sets of data. As in figure 5 the ticks have been omitted for clarity. As can
be seen in figure 6, the insertion of the GAG cycle (RGAG = —1/2) produces &
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reduction in life of approximately
60 percent for block tests and approx-
Gusts only 0 Progr;ms I,la ' ilflate].-y 80 percent for several com_
8 g%ﬁﬁi%%&2° binations of random sequence tests
Y and materials (see tables V and VII
and fig. 4). The corresponding

V Programs 4,4a
7 Programs 5,5a

values of 2{: n/N were also reduced

Gusts plus RGAG =0

proportionately, thus, GAG cycles are
much more damaging than anticipated

. by simple theory. Further, }: n/N

Gusts plus RGAG=' /72

P U R | <__,J

5 I 5 16 20xI10° changed from a value greater than 1
Flights to a value less than 1.
Figure 6.- Results of variable-amplitude fatigue .o
tests showing effect of ground-air-ground The very Signlflcant reduction
cycle. Symbols represent geometric mean of in life with the insertion of ground-
six tests. air-ground cycles is directly attrib-

utable to the change in residual
stresses at the base of the discontinuity. The residual stress at the base of
the discontinuity is either reduced in magnitude or is reversed in nature (that
is, compressive to tensile) depending on the magnitude of the GAG cycle. 1In
either case the succeeding cycles will contribute damage at a much greater rate
than in the case when GAG cycles were not applied. The difference in amount of
reduction in the block tests as compared with random tests is a function of
GAG cycle spacing. That is, in the random sequence tests, the GAG cycles were
spaced approximately every 68 positive gust-load cycles, whereas in the block
tests the GAG cycles were applied in groups of 125 cycles at the end of each
block. Obviously, if the primary contribution of the GAG cycle is to destroy
beneficial residual stresses, the greater the dispersion of the GAG cycles
throughout the test the greater the effect. Also of interest in this series
of tests is the reduction in scatter in tests containing the GAG cycle, that is,
for tests without the GAG cycle, the variation in 1life due to load randomiza-
tion 1s approximately 35 percent whereas with the GAG cycle inserted the same
comparison yields a variation of approximately 12 percent. (See table V.)

As was noted earlier the magnitude of the GAG cycle determines how much
the residual stress is changed. In figure 6, test results are shown for a
series of tests with GAG cycle ranges of 0, Sy, to O, and 8;, to -1/231g-

As can be seen the life decreases as GAG cycle range increases. It is probable
that the effect of the GAG cycle range, Slg to 0, was to reduce the beneficial

residual stress, whereas the effect of the GAG cycle range, S to -1/284,,
’ 1g 1g

was to reduce the residual stress further and possibly to reverse its direction
from compression to tension.

18



Effect of Omitting Small-Amplitude Ioads

-

In reference 3, the results of a large number of tests indicated that the
lowest load level (below the fatigue limit) in eight-step load schedules had

essentially no effect on the fatigue life (2{: n/N>. This lack of an effect

was attributed to the small-amplitude loads involved and to residual-stress
effects, In the present investigation the residual-stress condition was grossly
different in tests including GAG cycles and to some extent in random tests. How-
ever, the results obtained in the present investigation also indicate that
omitting small-amplitude loads did not have a significant effect on the fatigue
life. (See results of tests using programs 2(a), 2(b), and also 2(c) and 2(4)

in fig. 4 and tables V and VII.) "

Effect of Ground-Air-Ground Cycle Spacing

The tests designed to evaluate the effect on fatigue life of the relative
frequency of occurrence of the GAG cycle produced two results depending on

whether the results were compared on the basis of values of n/N or on the

number of flights. (See results of tests using programs 2(d) and 2(e) and also
4(a) and 4(b) in tables V and VII and fig. 4.) In the first comparison <Esing

2: n/N) no effect was noted, whereas in the second comparison a variation of

approximately 2:1 and 1.25:1 were obtained, respectively. Sufficient data are
not available to establish reliable relationships between GAG cycle spacing and
life. From this it appears that the number of gust cycles used to represent
typical flight directly influences the results obtained when the number of
flights simulated is used as the basis of comparison. Thus, the life obtained
in fatigue-evaluation tests can be very misleading if the anticipated service
load history is appreciably different from the actual service load history.

CONCLUSIONS

The results of variable-amplitude axial~load fatigue tests on edge notched

specimens with loads programed to approximate a gust-load spectrum support the
following conclusions:

1. The insertion of ground-air-ground cycles (GAG) produced a large
decrease in the number of simulated flights when compared with similar tests
without the ground-air-ground cycle. The number of flights simulated was found
to be influenced as indicated by the following conditions: (a) GAG cycle range -

nunber of flights decreased as GAG range increased <the change is much
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greater than anticipated by j{: n/N) and (b) degree of load randomization - the

decrease in number of flights was greater in random tests than in block tests
having GAG cycles with the same range.

2. Ground-air-ground cycle spacing has a definite influence on the fatigue
life as measured by the mumber of flights simulated, whereas no effect was noted

on the basis of summation of cycle ratios ZE: n/N.

3. In tests using random-load sequences, the degree of load randomization
present influences the fatigue life; life increases as the degree of the random-
ization increases.

k. The omission of the lowest load level did not significantly affect the
number of flights simulated for tests in which the GAG cycle was introduced.

5. All the trends noted herein can be explained qualitatively by using the

concepts of residual stresses and residual-static strength.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., July 9, 196k.
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APPENDIX
CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS

The International System of Units (SI) was adopted by the Eleventh General
Conference on Weights and Measures, Paris, October 1960, in Resolution No. 12
(ref. 4). Conversion factors required for units used herein are:

Length: inches X 0.0254 = Meters (m)
Force: pounds X 4.4482216 = Newtons (N)
Time: minutes X 60 = Seconds (s)

Frequency: cps = Hertz (Hz)

Prefixes to indicate multiples of units are:

100 mega (M)

1072 mi1li (m)
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TABLE I.- TENSILE PROPERTIES OF ALUMINUM-ALLOY. MATERTALS TESTED

E)ata from ref“. 7]

7075-T6 (152 tests)

Property Average | Minimum | Maximum

Yield stress (0.2-percent offset) -

11 Y= T 75.50 | T71.5% | 79.79

IDMU/IZ o v v v e e e e e e e e e e e e e e e e e e 520.2 | 492.9 |549.8
Ultimate tensile strength -

TOKEL o 0 v v v ot e e e e e e e e e e e e e e e e e 82.94% | 79.8L | 8k.5k4

InMV/M2 0 0 v v e e e e e e e e e e e e e e e e e e e e 571.5 | 550.1 [582.5
Total elongation (2-inch (5.08-cm) gage length), percent . . . . 12.3 7.0 15.0

2024-T3 (147 tests)

Yield stress (0.2-percent offset) -

TN KSL o o 0 o o o v o o o o o o o o o o o o o o e e 52.05 46.88 59.28

In MN/m® .« o o o o . e e e e e e e e e e e e e e e e 358.6 | 323.0 |L08.k4
Ultimate tensile strength -

1 B 72,14 70.27 73.4h4

iU 1 = 497.0 | 48k.2  |506.0
Total elongation (2-inch(5.08-cm) gage length), percent 21.6 15.0 25.0




TABLE IT.- VARTABLE-AMPLITUDE LOAD PROGRAMS

APPROXIMATING A GUST-LOAD HISTORY

T7075~T6 aluminum-alloy specimens; S1g = 20 ksi (137.8 My/m?)

Representative stress - .
Load .. -— -—1 Relative frequency, n /N per cycle
level ksi MN /m2 cycles
1 21.5 148.4 42.000 0
2 25.3 174.6 7,500 . 00000625
3 28.7 198.0 1,190 . 00006024
4 32.6 224.9 175 .00017241
5 36.3 250.5 23 .00034482
6 40.1 276.7 2.5 .00067120
7 43.9 302.9 5 .00122000
8 h7.5 %27.8 1 .00208000
Ryag = 05 GAG cycle Sig to O (20 ksi to 0)
(L37.8 MN/m2 £0 0) & v ¢ v & ¢ o o o o o o o o o o & 00002000
Rgpag = -1/2; GAG cycle Sy to -1/2815 (20 ksi to
-10 ksi) (137.8 MN/m2 to -68.9 MN/m3). . . . . . . . . 00006293
2024-T% aluminum-alloy specimens; Sig = 17.4 ksi (119.9 MN/m?)
1 19.5 134 .4 82,000 0
2 22.5 155.0 15, 000 .00000111
3 25.6 176.% 2,800 .00001370
L 28.7 197.7 350 .00005411
5 31.9 219.8 46 .00015391
6 35.1 241.8 7.4 .00036216
7 38.4 264.6 1.6 . 00075500
8 k1.5 285.9 .35 .00013314

Ropg = -1/2; GAG cycle Sig to -1/2875 (17.4 ksi to
-8.7 ksi) (119.9 MN/m? to -59.9 MN/m2) ....... .00002325




TABLE IIT.- RESULTS OF CONSTANT-AMPLITUDE FATIGUE TESTS

(a) 2024-T3 aluminum alloy

E;nean = 4.35 ksi (29.97 MV/m2); Spax = 17.4 ksi (119.9 MN/meﬂ

Specimen Life, cycles
A31N2-6 53,000
A31N2-8 52, 000
A31IN2-2 49,000
A31N2-10 40, 000
A31N2-4 39, 000
A31N2-9 30, 000
Geometric mean . . . 43,000

(b) 7075-T6 aluminum alloy

[@mean =5 ksi (34.4 MN/m2); Spax = 20 ksi (137.8 MN/mEEJ

Specimen Life, cycles
B93N2-6 20,570
B93N2-1 15,650
B86N2-8 15,530
BB6N2-3 15,090
B1O3N2-7 13,430
Geometric mean . . . 15,890
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TABLE IV.- RESULTS OF VARTABLE-AMPLITUDE FATIGUE TESTS

(a) Block tests to evaluate possible machine difference

ON 7075-T6 ALUMINUM-ALLOY SPECIMEN

Egls = 20 ksi (137.8 MN/mE)]

Specimen Load level Life, ;{: n/N
P at failure cycles
Semiautomatic loading; step 1 omitted; reference 3

B110ON1-1 3 1k2,120 2.54

B10O3N1-9 8 125,690 2.36

B1ION1-2 2 121,450 2.20

B1O3N1-3 3 114,450 1.98

B1lO3N1-2 T 99,170 1.85

B10O1N1-2 3 9(,§8o 1.71
115,700 2.09

Geometric mean .

B132N2-6
Bl26N2-k4
B1O4N2-5
Bl24N2-5
B137N2-6
B131N2-5

Geometric mean .

26
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Automatic loading; same as T

140,900
123,035
115,759
115,759
115,560

115,111
120, 600

eference 3

2.54
0.21
2.10
2.10
2.06
2.01

2.15

Flights

11,843

10, 47k
10,121
9,537
8, 26

8,115

9,641

11, 742
10,253
9, 647
9, 64T
9,630
9,293

10,058




TABLE IV.- RESULTS OF VARIABLE-AMPLITUDE FATIGUE TESTS

ON 7075-T6 ALUMLNUM-ALLOY SPECIMEN - Continued

(b) Random cycle tests to evaluate randomness of
random sequence generation method*

. Toad level .
Specimen at fallure Life, cycles E: n/N Flights
Start at card 1
BON2-3 N 19,890 0.43 1,515
Bl1oN2-3 2 19,550 L2 1,489
BON2-6 2 15,232 .33 1,162
BON2-5 i 13,498 .29 1,031
B14N2-T 4 12,k10 27 9hk5
BON2-9 i 12,376 .27 gh2
Geometric mean . . .« . 4 « ¢ 4 o . . . 15,170 0.33 1,158
Start at card 500
B129N2-5 5 19,788 0.43 1,498
B1N2-T L 19,312 Jh2 1,466
B132N2-10 5 19,108 A2 1,451
B129N2-10 4 15,470 34 1,173
B128No-1 5 15,300 .33 1,160
BON2-7 5 13,974 .30 1,057
B1ON2-3 6 13,498 .29 1,023
Geometric MEAN . - - « « « « ¢ « o o . 16,450 0.36 1,256
Start at card 1000
B13N2-7 T 17,631 0.28 1,369
BSN2-4 i 14,926 .32 1,122
BuN2-8 8 14,756 .32 1,109
B123N2-10 8 1k, 756 .32 1,109
B128N2-3 8 1k, 756 .32 1,109
B128N2-8 6 lhzz22 .32 12108
Geometric mean . + « + 4 + 4 4 . o« . . 15,225 0.33 1,162
Start at card 1500
BYN2-9 6 20,842 . 0.45 1,592
B1N2-1 L 20,196 43 1,540
B8N2-9 4 18,258 .39 1,394
B4YN2-6 T 1,212 .31 1,087
B8N2-9 T i, 212 .31 1,087
B1N2-9 in 13,940 .30 1,066
Geometric mean . . « « « 4 4 « o o o+ . 16,670 0.36 1,272

*Highest load level occurs on card 1435.



~ TABLE IV.-~ RESULTS OF VARTABLE-AMPLITUDE FATIGUE TESTS

ON 7075-T6 ALUMINUM-ALLOY SPECIMEN - Concluded

(c) Block tests plus Roag = -1/2 to evaluate effect of highest

load level location within test program

—_—
Load level
Specimen ot Failure Life, cycles }: n/N Flights
Load 8 on card 1
B127N2-5 5 63, 4ok 1.36 4,884
B131N2-8 6 57,709 1.23 4,439
B122N2-9 6 57,709 1.23 L,439
B128N2-2 2 52,379 1.13 L,029
B10OSN2-4 6 52,345 1.13 4,029
BlokN2-2 5 L2, 280 .90 3,252
Ceometric mean . . . « . + o . o . . .« « . 53,900 1.16 b, 146
Load 8 on card 250
B17N2-3 2 56, 202 1.17 4 323
B15N2-2 b 51,675 1.09 3,975
Bl3N2-5 7 48,055 1.02 3,697
B18N2-10 7 48, 055 1.02 3,697
Bl6N2-T7 5 46,092 .98 3,546
BLTN2-4 3 4l 392 .96 3,415
Geometric mean . « « + « « « o« o + & ..« . 48,930 1.0k 3, 764
7 Load 8 on card 70O
B122N2-5 6 57.709 1.23 4,439
B127N2-10 6 57, 709 1.23 4,439
B123N2-3 6 52,345 1.13 4, 029
B126N2-10 T 48,055 1.03 3,697
B122N2-3 T 48,055 1.03 3,697
B5N2-T7 4 40,103 .84 3,085
B126N2-2 6 38,423 .82 2,956
Geometric mean . « .+ + « v + 4 4 4 . 0 4 . . 48,380 1.0k 3,922
- Load 8 on card 1h4k5
BLOLN2-4 6 52,345 1.13 4,029
B1OLN2-2 8 48,025 1.02 3,694
B128N2-9 8 48,025 1.02 3,694
BLO4N2-10 5 46,125 .98 3,548
B122N2-4 5 46,125 .98 3,548
B12gN2-4 6 40,501 .87 3,115
Geometric mean . . . .+ . . . . . . . .. .. b6,720 1,00 3,594
) Load 8 on card 1800
B131N2-1 3 55,997 1.20 4,306
B12kN2-10 6 52, 34k 1.13 L, 026
B1ON2-2 7 48,056 1.02 3,697
B123N2-4 3 36,381 77 2,798
B132N2-5 i 34,554 .73 2,658
B128N2-10 5 30,926 .67 2,379
Geometric mean . . « v & 4 o . 4 4 - . o0 . . k1,990 .98 3,230




USING GUST-LOAD SPECTRUM

TABLE V.- RESULTS OF VARTARLE-AMPLITUDE FATIGUE TESTS

(a) 7075-76 aluminum-alloy specimens; Sijg = 20 ksi (137.8 MN/m?)

L 3

Load level .
Specimen at failure Life, cycles Z n/N Flights
Program 1: Block tests; 125 flight/block; step 1 omitted
B123N2-9 6 1k2, 289 2.56 11,857
B129N2-1 7 131,649 2.37 10,970
BLOUN2-T 7 131,649 2.37 10,970
Bl24kN2-T7 5 131,617 2.36 10,968
B123N2-3 5 115,598 2.07 9,633
B1O4N2-3 6 108,529 1.96 9, 0Ll
Geometric mean . . . . . . . . . . 120, 600 2.27 10,050
Program 1(a): Program 1 plus 125 GAG/block; Rgpg = -1/2
B1O1N2-4 6 52,346 1.13 4,027
B1O4N2-2 8 48,025 1.02 3,694
B128N2-9 8 48, 025 1.02 3, 694
B1O4N2-10 5 6,125 .98 3,548
Bl2o2N2-4 5 k6,125 .98 3,548
BL2GN2-4 6 40,501 .87 3,115
Geometric mean . . « . . « < . . . L6, 720 1.00 3,594
Program 2: Random cycle; 68 positive half cycles/flight
B83N2-9 8 460,595 1.50 6,773
B36N2-4 L 431,695 1.%0 6,348
B10O3N2-8 6 Lok, 903 1.32 5,954
B83N2-3 7 397, 083 1.29 5,839
BY3N2-3 6 371,651 1.21 5,465
B10OON2-2 5 321,977 1.05 4,735
Geometric mean . « « « « o « « o 395,500 1.29 5,815
Program 2(a): Program 2 plus GAG/68 positive half cycles; Rgpg = -1/2
BY3N2-5 5 106,846 0.43 1,548
B86N2-1 L 102,431 Ao 1,485
B92oN2-3 5 96, 946 .4o 1,406
B113N2-9 L 89, 389 37 1,295
B113N2-5 4 87,457 3T 1,267
B93N2-4 L 73,209 .30 1,061
Geometric mean . . « « o o« « o & . 94, 020 0.38 1,33k
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TABLE V.- RESULTS OF VARIABLE-AMPLITUDE FATIGUE TESTS

USING GUST-LOAD SPECTRUM - Continued

(a) 7075-T6 aluminum-alloy specimens; Sjg = 20 ksi (137.8 MV/m?) - Continued

i Load level 3 y . .
Specimen at failure Life, cycles Ej n/N Flights
Program 2(b): Program 2 plus GAG/12 positive half cycles; step 1 omitted;
Rgag = -1/2
B130N2-7 5 22,848 0.49 1, 7hh
B1O4N2-9 5 22,202 A48 1,697
B130N2-1 5 20, 604 bl 1,571
B1O4N2-8 L 20,604 RN 1,571
B130N2~6 4 19,074 A1 1,454
B1O4N2-6 b 16,94 37 1,292
Geometric mean . . . . . . . . . . 20, 300 Okl 1,547

Program 2(c): Program 2 plus GAG/68 positive half cycles; Rgpag = O

B113N2-3 6 229,632 0.81 3,328
B113N2~10 6 198, 202 .70 2,873
BY3N2-2 6 198, 202 .70 2,873
BBEN2-10 6 172,91k .61 2,506
B10O3N2-3 5 167,049 .58 2,421
B115N2-8 6 159,976 .56 2,318
Ceometric mean . . o « o« ¢ o o« « o 186,300 0.65 2,699
Prograﬁiz(d): Progrem 2 plus GAG/12 positive hélf cycles; step 1 omitted;
Rapq = -1/2
B130N2-8 6 43,826 0.81 3,329
B130N2~5 2 39, 066 .72 2,970
B131N2-k4 6 37,774 .70 2,874
B132N2-2 5 36, 414 67 2,770
B12okN2-3 5 35,530 .65 2,705
B131N2~9 5 35,530 .65 2,705
Geometric mean . « « + « « & & o . 37,970 0.70 2,884
PrograﬁAE(e): Program 2 plus GAG/6 positive half cycles; step 1 omitted;
Raag =0
B93N2-9 6 40, 766 0.76 5,823
B1l13N2-k4 6 40,698 .75 5,814
B113N2-~1 5 36,822 .68 5,260
B113N2~7 6 35,495 .66 5,075
BO3ZN2-T 5 33,660 .62 11,808
BB6N2-T7 6 32,470 .60 4,638
Geometric mean . . « « « « + + & . 36,510 0.68 5,217




TABLE V.~ RESULTS OF VARTABLE-AMPLITUDE FATIGUE TESTS

USING GUST-LOAD SPECTRUM - Continued

(a) T075-T6 aluminum-alloy specimens; Sig = 20 ksi (137.8 MN/m2) - Concluded
H g

s Load level i 1 /N Flight
pecimen at failure Life, cycles n ights

Program 3: Random half cycle, restrained; 68 positive half cycles/flight

B83N2-6 7 582,111 1.89 8,910
BBEN2-6 5 532,165 1.73 7,826
B110N1-6 6 . 496,805 1.62 7,306
BB6N2-2 6 k95, 207 1.61 7,282
B10O3N2-6 5 480,100 1.56 7,060
B93N2-8 5 451,075 1.h47 6,060
GeometricC mEAD . + « & 4 4 ¢ . 4 . 4 e . W 504,700 1.6 7,358

Program 3(a): Program 3 plus GAG/68 positive half cycles; Rgpg = -1/2

B1O3N2-5 5 119,000 0.48 1,773
B93N2-10 i 115,606 iy g 1,672
B113N2-10 i 107,987 RN 1,566
B1O3N2-4 L 100, 775 b1 1,461
B86N2-9 b 99,567 Rk 1,443
BLlO3N2-1 i 87,458 .36 1,268
GeometTiC MM « « o o v v o o o o« o o o & 105,800 0.43 1,515

Program 4: Random half cycle, unrestrained; 68 positive half cycles/flight

B17N2-8 8 763,099 2.33 11,222
BON2-5 8 655, 373 2.03 9,638
B8N2-10 8 655,373 2.03 9,638
B5N2-10 8 655,373 2.03 9,638
Bl6N2-1 8 478,873 1.34 6,454
B11N2-2 8 478,873 1.34 6,454
Geometric MEAN . + « v + & & o o o o 0 . . 598, 300 1.81 8,798
Program 4(a): Program 4 plus GAG/68 positive half cycles; Rgag = -1/2 .
B51N2-1 in 140,023 0.55 2,029
B51N2-10 5 121,733 .48 1,76k
BSN2-8 8 100,576 .39 1,457
B52N2-10 8 100,576 .39 1,457
BS1N2-2 8 100,576 .39 1,457
B51N2-9 8 100,576 .39 1,457
GeometTiC MEBN + « + o & o o o o 4 o 4 . . 109, 600 0.43 1,588
N -
Program 4(b): Program 4 plus GAG/45 positive half cycles; Rgpg = -1/2
B12oN2-4 8 101,310 0.4k 2,179
B12N2-5 5 95,878 %) 2.062
BlIiN2-1 L 93,033 4o 2,000
BON2-2 2 91,878 .39 1,976
B6N2-3 5 8k, 780 .36 +1,823
B16N2-4 5 76,923 .33 1,654

GeometriC MEBO + « « v 4 4 v o & o & & o+ . 90,400 0.39 1,942




TABLE V.- RESULTS OF VARIABLE-AMPLITUDE FATIGUE TESTS

USING GUST-LOAD SPECTRUM - Concluded

(v) 2024-T3 aluminum-alloy specimens; Spegn = 17.4 ksi (119.9 MN/m?)

. Load level Lif 1 N 1
Specimen at failure ife, cycles n/ Flights

Program 5: Random cycle; 68 positive half cycles/flight

A108N2-4 8 1,400,460 1.18 20,595
A33N2-3 8 1,259,784 1.06 18,840
ALOON2-4 5 1,242,870 1.05 18,277
A109N2-k4 L 997,016 .85 14,662
A8hN2-1 5 941,196 .80 13,841
A33N2-4 5 932,346 .79 13,711
Geometric mean . . . . . .+ . . . 1,110,000 0.94 16,439

Program 5(a): Program 5 plus GAG/68 positive half cycles; Rgpg = -1/2

AB0ON2-1 T 205,594 0.24 2,978
AT8N2-5 8 200,997 .23 2,913
ABIN2-4 8 200, 997 .23 2,913
ABON2-6 3 193, 096 .23 2,798
A81N2-1 i 191,682 .22 2,778
AT9N2-2 6 183,471 .21 2,659

Geometric mean . . . . . . . . . 195,800 0.23 2,837




Side group

TABLE VI.- RESULTS OF STATISTICAT, ANATLYSIS OF CHECK TEST DATA

Top group

Semiautomatic

Auntomatic

Start

Start

Start

Start

card 1

card 500

card 1000

card 1500

TLoad 8 on card 1

Ioad 8 on card 250

Ioad 8 on card 700

Load 8 on card 1445

Load 8 on card 1800

L————————ﬂ—— Ratio of sample flight geometric means

Top group |
Side group

oy o
o o = S
rey @) = ©

—~ Q =~ — —
o o
o S S o o o o o
o S e} N 5 g g 5 5
o — n — i a o o o a
i) o o 3} 3] 3] 3] o
S 3 B e g 5 o s o < o
15} ol o o @ o o o o 15) o
e i 9] 3] 3] 3]
3 g P P P - © © © «© <o)
AR ER IR IR R AR E RE R
A 3 w0 # 15} w s e os s} =
\\\\\\ No
0.96 \\\\\\
\\\\\\ No No No
0.92 \\\\\\ No No
0.99 | 1.18 No
0.91 | 0.99{ 0.92
\\\\\\ No No No No
1.10\ No No No
1.11 |1.00 \ No No
1.15 |1.05 {1.04 \ No
= 1.28 11.16 |1.15 |1.11
No |——Sample flight geometric means are significantly
different.
0.96

33




TABLE VII.- RESULTS OF STATISTICAL ANATYSIS OF VARIABLE-AMPLITUDE FATIGUE TESTS

Top group

1{a)
2(a)
2(b)
2(e)
2(a)
2(e)
3(a)
L(a)
L(b)
5(a)

Condition —

Program 1 \\\\\\ Yes | Yes {—=== [=cee === | === -— Yes |--—— | Yes |---- ——— e -—

Program 1(a) 2.78 we— | Yes { Yes |~=—= |ooen | wcc [-cae | Yes |=--- {Yes [SSIPEE PO

Program 2 1.72 | ===- Yes |==-- | Yes {===- e | Yes |mmm~ | Yes |[=e-- —— | _—

Program 2(a) - |2.69 |k.36 No Yes |[mem= | —em |eeee | Yes [eee- | Yes | —o= [oeee | om-

Program 2(b) e | 2,32 e 0.87 e | Yes | mem |mmon fomom fomen feen e

Program 2(c) ——— | 2.16 0.50 |=mmn \\\\\\ No | === |wme=m Jomee fomco {omme | aom femen | o

Program 2(d) come [ mmmn e fenee 054 [0.93 D ¢-Y I [ESuiy PR IV PV, [P RN -
Program 2(e) ———e === === === === |-=---~ |0.55 e L R el Bt E Tt BT

Program 3 1.36 {-=—== [0.79 |-—== [~oee |—=-= [-=== | -—- Yes | Yes |~ece | oo feeeo | -

Program 3(a) = }2.37 |-e== |0.88 |-omm |emmm feemm | ——— [|L4.86 ~=-- | No RS P

Program 4 118 jemee {066 === |—me= | |eee= | —== [0.84 f--—- Yes | -om |oeee | ——-

Program 4(a) mem 12,85 [eeem [0.8L |emmn | eeen femen | mem ewee 0,95 |5.54 Yes |-~=w | ——-

e fmmme e [—==- {0.82 ———— | =

Program 4(b) B e el e e P e el Rt

———— e B R e R i —-——— Yes

Program 5 el e B e

Program 5(a) Bl e e B B e e B el ol il Ch il T I S o] \\\\\\

Yes Sample flight geometric means are significantly different.

1.28

l Ratio flight geometric means, Top group

Side group

3k NASA-Langley, 1964 Li=3567



“The aeronautical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts, Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



